In this article, polyurethane/graphene nano-platelet (PU/GnP) composites were fabricated via planetary centrifugal mixer (PCM) and cast on polyethylene terephthalate (PET) and copper substrates. Four different grades of GnP are used to investigate the effect of GnP size on the anti-corrosion performance of the composites. Tafel, Nyquist, and Bode plots are used to quantify and compare the anti-corrosion performance of the composites, and these plots are obtained by electrochemical analysis. In addition to the anti-corrosion performance, mechanical properties and morphologies of the composites are analyzed. Various parameters indicating the anti-corrosion performance illustrate that smaller size of GnP in the composites shows higher anti-corrosion performance on copper substrate. The results show that the smaller size of GnP is not only uniformly dispersed within PU, but also offers a high surface area which helps construct an efficient filler pathway that suppresses the diffusion of a corrosive agent into the polymer matrix. Nevertheless, mechanical properties of the composites are partially improved. Essentially, this study demonstrates that the size of GnP plays a central role in determining the anticorrosion performance of PU/GnP composites.
Introduction
Corrosion, commonly known as rusting, is dened as a chemical or electrochemical reaction between a metal substrate and a corrosive agent such as oxygen or moisture. [1] [2] [3] [4] [5] [6] Corrosion mitigation is critical in modern industry owing to the high cost of maintenance and replacement of parts. [7] [8] [9] [10] Organic coatings are the most common method for protecting metal surfaces from a corrosive environment. [11] [12] [13] Among diverse organic materials, polymer coatings are widely used as a protective layer to prevent corrosion because they provide not only high anticorrosion performance but also excellent adhesion to metal substrates. [14] [15] [16] [17] For instance, polyurethane (PU) and epoxy are commonly used coating materials as the protective layer on metal substrates. [16] [17] [18] [19] [20] [21] [22] PU has especially attracted many researchers because of its exceptional mechanical property as well as an excellent adhesion to the metal. [23] [24] [25] PU is based on the reaction between the isocyanate (-NCO) group and a polyol including hydroxyl groups (-OH), where the isocyanate group and polyol comprise a hard segment and so segment respectively. 26 Due to the segmented structure, PU has high strength and elongation. For this reason, PU has been applied to various elds and industries such as construction, oil and gas industry, automotive, and health care owing to its broad versatility.
However, PU has inferior abrasion resistance and gas permeability relative to metal, both of which are necessary for use in harsh conditions such as the transportation of oil sands. 23, 24, 26, 27 To overcome this problem, numerous researchers have studied a polymer composite incorporating various nano-llers, such as a layered silicate, carbon nanotubes (CNT), graphene, and graphene nano-platelets (GnP) to improve such properties.
28-30
Among them, nanocomposites integrated with graphene and GnP are recently emerging as a new breakthrough.
30-32
Graphene is a two-dimensional one atomic layer platelet structure that consists of sp 2 -bonded carbon atoms. 33 Many researchers have focused on nano-carbon materials since the advent of graphene due to its outstanding mechanical (elastic modulus: 1 TPa), 34 thermal (thermal conductivity: 5000 W (m K)
À1
) and electrical (electrical conductivity: 6000 S cm À1 ) properties.
35,36
Specically, a number of researchers have incorporated graphene into polymer composites for improved barrier properties due to its excellent impermeability. 32, 37 However, several challenges such as the uniformity of graphene dispersion and its high manufacturing cost, prevent the widespread use of graphene for the polymer composite. 38 For this reason, graphene nano-platelet (GnP) have gained great interest as the next ideal ller for the polymer composite.
comparison to graphene. 43 This advantage of GnP holds promise to minimize gas permeability which is directly related to the improvement of anti-corrosion performance. 44, 45 and the tensile modulus of the composites. For instance, Pinto et al. 46 reported that poly(lactic acid) (PLA) composites incorporated with GnP and graphene oxide (GO) reduced gas permeability by 65% and 60%, respectively, with a loading of 0.6 wt%. King et al. 41 This revealed that the tensile modulus of epoxy/GnP composites gradually increased with GnP contents up to 6 wt%. Although GnP has a large attraction as previously mentioned, it has not been studied sufficiently in the research eld of a polymer/GnP composite at this point in time. Therefore, further study of GnP is needed to improve an inherent, inferior polymer property such as gas permeability and this study is expected to contribute more practical polymer composite including GnP based on relatively easier commercialization of GnP than the single graphene.
42
In this study, commercialized PU and GnP were used to fabricate PU/GnP composites. The prepared composites were coated on a copper (Cu) substrate as a protective layer against a corrosive media. In addition, four grades of GnP with different sizes were compounded with PU via the planetary centrifugal mixer (PCM). The composites were analyzed regarding various properties including mechanical and electrochemical properties. Herein, this study specically focused on the corrosion behavior of the PU/GnP composites on the Cu substrate in a xed content of GnP (1 wt%) and investigated the size effect of GnP on the corrosion resistance in a corrosive media. The existence of GnP improved the anti-corrosion performance of the PU/GnP composites and the smaller size of GnP led to the improvement of the performance of the composites. However, mechanical properties of the composites were partially improved, and this result was related to the interfacial property between GnP and polymer matrix. Furthermore, an appropriate model to correspond with the results of this study was proposed.
Experimental

Materials
RenCast 6401, commercialized highly exible and abrasion resistant PU purchased from Huntsman (US), was used as a matrix material for the PU/GnP composites. RenCast 6401 is composed of the resin (6401-1, viscosity: 50 cP) including 4,4 0 -methylene diphenyl diisocyanate (MDI) with triethyl phosphate and the hardener (6401-2, viscosity: 1300 cP) including oxyalkylene polymer with 1,4 butanediol as a chain extender. The mixing ratio of resin and hardener was 25 : 100 by mass. The four grades of GnP from XG science (US), which are also commercialized, were used as the ller for this study. The grades of GnP used were xGnP H100, M25, M5, and C750, and were distinguished by the average diameter corresponding with a size and surface area of GnP. 
Preparation of the samples
The four different grades of GnP (Grade H100, M25, M5, and C750) were dried in a vacuum oven at 80 C for 16 hours to remove moisture and then were dispersed in the hardener at 1 wt% mass loading [50 mg] using PCM (YS-2E, China) for 40 minutes. The resin was added to the mixture of the hardener and GnP with a resin : hardener ratio of 25 : 100 by mass, with the mixture being mixed for 10 minutes. The nal mixtures were cast on clean polyethylene terephthalate (PET) substrates (thickness: 100 mm) and polished Cu substrate (thickness: 30 mm). A 300 mm lm was cast using an adjustable lm applicator (GARDCO, width: 76 mm). The lm was then procured at room temperature for 2 hours to form a skin layer and cured completely in a vacuum oven at 40 C for 16 hours. The cured lm on the PET substrate was peeled off for mechanical testing whereas the lm on the Cu substrate remained intact and was used directly for electrochemical measurements. The process of the sample preparation is schematically illustrated in Fig. 1 
where b is the full width at half maximum (FWHM, radian), l is the radiation wavelength used for measurement, K is the shape constant of 0.9, 47 and q is the diffraction angle. The relative size of the GnP was obtained from the calculations and compared with the reported values of each grade of GnP.
The morphology of GnP and PU/GnP composites was characterized by the SEM (Zeiss Leo 1550). A cross-sectional sample of the PU/GnP composites for SEM was prepared by cryogenic rupture using liquid nitrogen, with samples being goldsputtered prior to imaging.
Electrochemical measurements.
Electrochemical properties of PU/GnP composites were measured using the standard corrosion cell consisting of a circular Teon sample holder in a double-jacketed glass cell (1 L). The corrosion cell contained a three-electrode system that consisted of a coated or uncoated Cu disk specimen (area: 1 cm 2 ) assigned as a working electrode (WE), two graphite rods as a counter electrode (CE), and an Ag/AgCl electrode as a reference electrode (RE). Fig. 2 illustrates the Cu specimens, including the pristine Cu and the coated Cu with the PU/GnP composites. The lm on the Cu showed a different colour depending on the grade of GnP. The PU/GnP lm containing H100 showed the sporadic dispersion of GnP owing to the large size of H100, while the PU/GnP containing M5 and C750 showed relatively uniform dispersions of GnP. Deionized water cleaned the corrosion sample and dried before mounting the sample holder. The double-jacketed glass cell was lled with 3.5 wt% NaCl electrolyte solution at room temperature. The electrochemical analysis was conducted using the VSP-300 workstation (Uniscan instrument Ltd., Claix, France), where each measurement was repeated ve times for a reproducibility. Measurement data was analyzed using EC-Lab soware (Bio-Logic).
The WE was stabilized for 3-4 hours to minimize the uc-tuation of the potential before performing the measurement, followed by electrochemical impedance spectroscopy (EIS) or cyclic voltammetry (CV). EIS was conducted in a frequency range from 100 kHz to 200 Hz to obtain Nyquist and Bode plots. CV was conducted to obtain Tafel polarization curves by scanning at a rate of 20 mV min À1 in the potential range from À500 mV to 500 mV. The Tafel plot was used to determine the corrosion current (I corr ) by extrapolating the linear portion of the anodic and cathodic curves using the EC-Lab soware. The corrosion rate (R corr ), in units of mils per year (MPY) was determined by the following equation (eqn (2)) 48 as described in the ASTM standard G102:
where EW is the equivalent weight of a copper (31.7 g), r is the density of the copper (8.97 g cm À3 ), and A is the surface area of the sample (1 cm 2 ). 2.3.3 Mechanical property measurements. Mechanical properties of PU/GnP composites were characterized by universal testing machine (UTM) eXpert 7603 (load cell: 4.4 kN, ADMET, USA) at room temperature at a crosshead rate of 100 mm min À1 . Five samples, fabricated with a length of 75 mm, a thickness of 300 mm, and a parallel length of 30 mm, were measured based on ASTM D638. Tensile modulus was calculated by the initial linear slope of the entire stress-strain curve, tensile strength corresponded with the maximum strength, and elongation at the break was determined by strain at sample fracture.
Results and discussion
Morphology and structure of GnP
SEM images of the four different grades of pristine GnP are illustrated in Fig. 3 under the identical magnication for the exact comparison of GnP size. The images reveal that the diameter of each GnP matches the reported average diameter from the manufacturer, while the actual size distribution of the samples is broad in appearance. Nevertheless, the SEM images show the distinct differences in size between the four grades of GnP. An XRD spectrum of each GnP is presented in Fig. 4 , and the calculated parameters of the GnP from the XRD spectra are summarized in Table 2 . The three grades of GnP (excluding interlayer distance between graphene sheets, was calculated to be 3.35-3.38Å for the three grades using Bragg's equation. The number of graphene layers, indicative of the crystallite size of the GnP, was calculated as 62 (H100), 56 (M25), and 58 (M5), respectively. On the other hand, C750 shows a relatively broad spectrum and low intensity when compared to the other three grades of GnP, and the number of layers calculated to be 13. For this reason, the aspect ratio, dened as the ratio of the average diameter (D) and the thickness of GnP (L), is not proportional to the diameter of GnP, especially for C750 and M5. The reason being that the number of layers for C750 is considerably lower than M5 but the difference of diameter between C750 and M5 is not relatively signicant. Additionally, the bulk density of C750 was considerably larger than the other grades of GnP. Due to the higher bulk density and less number of layers of C750, a greater number of particles can be dispersed in a unit volume at the same sample weight of GnP. Therefore, it can be assumed that a higher degree of dispersion is relatively achievable with C750 compared with other grades of GnP.
Electrochemical properties
Cyclic Voltammetry (CV) is widely used to quantify the anticorrosion performance of a coated or uncoated metal substrate. In general, a Tafel polarization curve can be obtained by CV measurement, with the curve providing a value to quantify the anti-corrosion performance of a material. The Tafel polarization curve is described by the relationship between a potential and current, allowing the anti-corrosion performance of the material to be evaluated by the values. For instance, higher potential and lower current value correspond with high anti-corrosion performance. Fig. 5 illustrates Tafel plots for bare Cu and the Cu coated with PU and the PU/GnP composites. The plots reveal that PU/GnP including the smaller diameter of GnP shis the polarization curve to the direction of a larger potential and a smaller current. This means that the smaller size of GnP in the composites improves the anti-corrosion performance of PU/GnP. In addition, the Tafel plot provides signicant parameters such as corrosion potential (E corr ) and corrosion current (I corr ) to quantify the anti-corrosion performance of the composites. The parameters are determined by the point of intersection between extrapolated cathodic and anodic curves. Furthermore, R p , polarization resistance is calculated by using the Stern-Geary equation (eqn (3));
where constants b a and b c represent the anodic and cathodic slopes in the Tafel plot, respectively. In this equation, a smaller R p value represents a higher anti-corrosion performance due to the value of lower I corr . All calculated parameters are shown in Table 3 . The results show that as the size of GnP decreases, E corr increases while I corr decreases. This means that the smaller size of GnP requires a higher corrosion potential to corrode the Cu substrate, but a lower current is detected in the potentiodynamic electrochemical system. However, it should be noted that the I corr value of PU/H100 (2.47 mA cm À2 ) is higher than the pristine PU (0.31 mA cm À2 ), resulting in a lower R p value (10.7 U cm 2 ) and a higher R corr (1.13 MPY). This unexpected variation is likely due to the thickness of the PU/H100 layer on the Cu substrate. For instance, Qi et al. reported that the lower thickness of the lm led to a higher corrosion current with an unchanged corrosion potential. 49 However, PU/H100 was cast on the Cu substrate with the same thickness as the pristine PU (300 mm). For this reason, it can be assumed that there is another reason behind the cause of the reduction of the thickness of the cast lm such as a crevice on the lm surface.
One description for the reason is that large agglomerates of H100 on the surface of the cast lm, which had the appearance of the black dot, are able to be considered. The average diameter of H100 was revealed to be 150 mm by SEM observation, thus, the entire size of the agglomerate is larger than at least 150 mm. On the other hand, the cast lm has a thickness of around 300 mm, and, as a result, it can be assumed that some agglomerates can build a crack or crevice on the cast lm and the defects on the lm are able to have an effect by decreasing I corr . This is because the black dots can provide a pathway at which a corrosive agent is easy to permeate into the lm inside. Essentially, this phenomenon can result in decreasing the permeation rate of the agent same as reducing the thickness of the cast lm. This issue will be discussed in further detail in the section of SEM.
The protection efficiency (P EF ) 31 obtained from the Tafel plot is also widely used as a metric to evaluate the anti-corrosion performance of a protective layer on a metal substrate and is given by eqn (4):
where I
corr represents the corrosion current of the pristine PU. Table 3 also illustrates that P EF increases by incorporating smaller sizes of GnP in the PU/GnP layer, indicating that the anti-corrosion performance of PU/GnP is enhanced with smaller sizes of GnP. However, the P EF value of the PU/H100 composite is lower than that of the pristine PU due to its relatively higher I corr value.
Further, EIS was also used to quantify the anti-corrosive performance. Firstly, EIS measurement requires an appropriate equivalent circuit model to be built up in order to match an acquired impedance data. Equivalent circuit models for bare Cu and lm-coated Cu substrate are suggested in Fig. 6 , 48 where R s is the solution resistance, R p is the polarization resistance of a coating layer associated with the charge-transfer resistance, CPE1 and CPE2 are the constant phase elements, R 0 p is another polarization resistance, and W is the Warburg impedance. Fig. 7 illustrates the Nyquist plots for bare Cu substrate and PU/GnP on Cu.
In this gure, the dotted line represents the measured EIS data and the solid line represents tting results with the equivalent circuit model, with the two lines being well tted with each other. 48 The point of interest in these Nyquist plots is the diameter of the semicircle. In general, a larger semicircle diameter corresponds with a higher resistance, which is inversely proportional to I corr , indicating high anti-corrosion performance. 26 In Fig. 7 , the EIS spectrum of the bare Cu substrate shows the typical curve, 48, 50 with the semicircle size at the low-frequency end being 10.2 kU cm 2 . The pristine PU on Cu shows a larger semicircle as the value of 77.8 kU cm 2 than the bare Cu, meaning that the anti-corrosion performance of the Cu substrate is improved by the PU layer alone. However, the PU/ GnP composites show much larger semicircles than the pristine PU and, thus GnP highly contributes to the improvement of the anti-corrosion performance of the composites. Furthermore, PU/GnP with the smaller size of GnP shows the larger diameter of the semicircle in the Nyquist plot, causing the semicircle diameter of the PU/GnP composites to increase from 104.8 kU cm 2 to 616.6 kU cm 2 by a decrease of GnP size.
However, the semicircle diameter of PU/H100 is almost similar to that of the pristine PU, which is in line with the CV measurement. Specic values consisting of the equivalent circuit in Fig. 6 are shown in Table 4 based on tting the equivalent circuit model with the acquired EIS data. Among the specic values, protection efficiency ðP 0 EF Þ 50 can be also calculated from R p , which represents the polarization resistance of the coating layer as follows in eqn (5):
where R p is the polarization resistance of the Cu substrate. The P 0 EF value of the pristine PU is 88.1%, and the value increases under the existence of GnP, with an even smaller size of GnP in the composites showing a higher P 0 EF of up to 98.7%. These results are in accordance with the results from potentiodynamic measurement (cyclic voltammetry) in Table 3 . As a result, the two tendencies from EIS and CV show that GnP plays a signi-cant role in reducing a corrosion of the composites and that a smaller size of GnP can be more effective to prevent the corrosion.
To supplement the Nyquist plot, Bode plots were also used to compare the anti-corrosion performance of the PU/GnP composites. Fig. 8 illustrates the Bode plot (a) and phase plot (b) for the bare Cu and PU/GnP on Cu. In Fig. 8(a) , the Z real value (real part of impedance) at the lowest frequency represents the anti-corrosion performance. Thus, the larger value of Z real leads to a smaller I corr and a higher performance. The Bode plot shows the distinct tendency for smaller sizes of GnP in the composite to produce higher Z real values at the lowest frequency.
26,48 PU/H100 shows a slightly lower Z real value (5.09 U cm 2 ) than the pristine PU (5.14 U cm 2 ), however, the Z real value difference between PU/H100 and the pristine PU is not large enough to discuss as the difference of the anti-corrosion performance of them. As a result, the Bode plot also conrms that the addition of H100 does not contribute signicantly to improving the anti-corrosion performance of the composite rather than the pristine PU. As a result, the anti-corrosion Table 4 Equivalent circuit parameters fitting with the acquired data from EIS measurements performance of the composites is denitely improved by decreasing GnP size, whereas H100, the largest size of GnP, does not follow this trend. It is assumed that these results are related to the phenomenon due to a large particle which is coagulated by H100 as mentioned above. Fig. 9(a) presents the stress-strain curves of the pristine PU and the PU/GnP composites with a GnP loading of 1 wt%. The tensile modulus of the pristine PU corresponds with 0.85 MPa from the initial linear slope of the curve. On the other hand, the PU composites with 1 wt% of GnP show a slightly steeper initial slope than the slope of the pristine PU which means that a stiffness of PU/GnP composites is higher than the neat PU. However, tensile strength and elongation at the break decrease for all composites including GnP in this gure. Tensile modulus comparison of the PU/GnP composites in 1 wt% is shown in Fig. 9(b) . In this gure, PU/H100 has the highest tensile modulus, but PU/C750 has the lowest value. This means that tensile modulus of PU/GnP is likely to be proportional to the diameter of GnP. In addition to the comparison, specic values of mechanical properties for the 1 wt% composites are shown in Table 5 , respectively. As briey mentioned above, tensile strength and elongation at break of the PU/GnP composites show relatively lower values than the pristine PU which means that the existence of GnP causes reduction of the elongation of the composites and the elongation associates with the tensile strength. This is a general tendency in terms of a polymer composite including an inorganic ller and it can be explained by an interfacial adhesion theory and the dispersion or an agglomerate of GnP as other studies. [39] [40] [41] [42] It is assumed that, if the interfacial adhesion between the PU matrix and the surface of GnP is insufficient, external stress will not uniformly transfer throughout the whole composite. Herein, van der Waals force between the GnP layers can suppress the stress transfer in the composite as well. 51, 52 In addition, inferior dispersion on the agglomerate of GnP can cause a defect in the composite. For this reason, a lack of strong interfacial adhesion and dispersion or aggregates of GnP oen result in early rupture of the tensile specimen during the extension process. To improve the interfacial interaction between PU and GnP, numerous researchers have suggested a chemical treatment of the surface of GnP.
Mechanical properties of PU/GnP composites
53,54
However, this study primarily focuses on the effect of GnP size in the PU/GnP composites. Thus, functionalization of GnP will be studied in the future for improvement of mechanical properties of PU/GnP. Therefore, in this study, it can be summarized that tensile strength and elongation at the break of PU/GnP are not improved by adding GnP due to the decient interfacial adhesion between PU and GnP. However, tensile modulus which occurs in the small range of extension is partially improved by the addition of GnP. Fig. 10 shows the cross-sectional morphology of PU/GnP composites with a loading of 1 wt% using SEM. Each type of GnP is readily dispersed in PU and shows their intrinsic size. In Fig. 10a , the thickness of H100 seems to be particularly thicker than other GnPs. This phenomenon seems to be due to the inferior dispersion and aggregation of H100 compared to other composites. For instance, PU/M25 composite in Fig. 10b seems to show relatively better dispersion and less agglomeration of GnP than PU/H100 though M25 is the second largest GnP. On the other hand, the small GnPs, such as M5 and C750, are not only well dispersed within the polymer matrix but also the detached layers within GnP are not observed. Based on this observation, it can be assumed that the larger size of GnP is difficult to be well dispersed into the polymer matrix and is easy to be aggregated each other. Thus, the large greater GnP such as H100 occupies a larger domain in the polymer matrix. Therefore, a smaller number of GnP particles are better distributed in the composites under the same loading of GnP. This dispersion property regarding the large sized GnP with a greater number of layers such as H100 and M25 can inuence to reduce mechanical properties and anti-corrosion performance of the composite. Furthermore, Fig. 11 reveals that PU/H100 shows a void between the PU matrix and GnP near the surface of the lm. This void should be caused by the inferior dispersion and aggregation of H100. The void can allow a corrosive agent to diffuse into PU/H100 composite from the surface easily. For this reason, large H100 particles or agglomerates are likely to reduce the anti-corrosion performance of the PU/GnP layer because as the corrosive agents pass through the voids, the path length for the corrosive agent is reduced. However, PU/M5 and PU/C750 show a uniform dispersion of GnP in the PU matrix without voids. Therefore, small GnPs are likely to provide a relatively more efficient pathway which can suppress the penetration of corrosive agents than large GnPs. Furthermore, the voids generated due to large GnPs can also reduce the mechanical properties of PU/GnP since the strength of interfacial adhesion is proportional to the contact area among PU and GnP. As a result, the PU/H100 composite shows the lowest value of elongation at the break among the composites. Fig. 12 depicts a schematic mechanism for the size effect of GnP with regards to the anti-corrosion performance of PU/GnP. This gure suggests that the smaller GnPs are well-dispersed within the composites and provide more effective pathway to prevent diffusion of the corrosive agent. Thus, the time taken for the corrosive agent to reach the Cu substrate is extended.
Morphology of PU/GnP composites
Conclusions
Four different grades of GnP (H100, M25, M5, and C750) were prepared to fabricate PU/GnP composites. Electrochemical, mechanical, and morphological properties of the composites were studied, and the size effect of GnPs on the anti-corrosion performance was specically investigated. The size difference among the four grades of GnP was distinctly enough to compare the size effect of GnP and this was conrmed by SEM and XRD. The enhanced anti-corrosion performance against the corrosive media was achieved by the PU/GnP composites, and the performance was improved by decreasing the size of GnP. The highest anti-corrosion performance was achieved by PU composite incorporated with C750, the smallest GnP, and the performance was indicated by various parameters such as E corr , I corr , and P EF . This was because the smaller size of GnP was not only uniformly dispersed within the polymer matrix but also provided convoluted pathways that suppress corrosive agents to diffuse through the polymer matrix. However, the mechanical properties of the composites were partially improved. GnP contributed to improving the tensile modulus of the composites in the initial linear range, but the elongation at break and tensile strength eventually decreased by the existence of GnP. This result could be explained by that external stresses applied to the composite cannot be uniformly dispersed to the composite inside owing to insufficient interfacial adhesion, whereby it could lead an early rupture of the composite during the extension process. Morphological properties of the composites supported the results, whereas voids between PU and GnP were found in PU composites incorporated with large GnP (H100, M25). The voids consequently reduced the anticorrosion performance of the composites, and this was illustrated in the schematic model.
Conflicts of interest
There are no conicts to declare.
